The effects of anomaly-producing terrain features on the phase of the low fre quency ground wave were measured in a nearly idealized environment to confirm theoretical predictions : Results for an isolated butte gave good correlation with the theoretical model. In most cases t he mean value of the phase perturbation approached zero.
Introduction
Low frequencies have been used for radio navigation for some time with excellent results obtained over ,vater and in the air. However, in use on the ground, disturbances caused by cultural and terrain features, and changes in conductivity cause errors in position.
Many tests [Bateman, 1950 [Bateman, , 1951 Schneider, 1952; Pressey, 1956] of various sysLems have been conducted and considerable information is available in unpublished reports for these systems on the type of cultural and terrain features that cause propagation disturbances. However, little information is found of sufficiently general nature to be applied or extended to other systems. In addition, propagational theory is usually developed only for idealized cases, so that measurements are necessary to determine the limitations of idealized cases or mathematical models.
Measurement Program
A comprehensive program was conducted in the desert neal' Florence, Arizona to obtain a quantitative look at the order of magnitude and exact nature of these disturbances. The particular area was selected because it contained several anomaly producers in isolation. It contains mountains, buildings, power lines and telephones, all isolated from each other by relatively large areas of flat desert (see fig . 1 ) .
For example, the area of measurement was restricted so that the range to all transmitters was less than 80 km to minimize sky wave reflection and effects of earth ClU·vature. Measurements were made with a double-heterodyne, OW, hyperbolic, phase-measuring equipment operating at 480 and 450 kc/s. 
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lieu of using position fixes. Even with the single line of position, particular care ,vas taken to position the receivers so as to measure the effect of phase changes from only one transmitter.
The principle of operation is common to several different systems operating on different frequencies. It has been described in the literature and will not be covered here [International Hydrographic Office, 1956 and Kirch, 1959] . It was found that equipment developed for tactical applications coula be modified simply to serve as scientific measuring ins trUI1Jen ts. Three measming stations were used; a fixed moniLor to assme equipment stability, a ground van, and a helicopter. l\ileasuring points were tied by first-order triangulation and tl'ilateration to the U.S. Coast and Geodetic smvey of the area. All data were recorded by photographic techniques and reduced by an IBM 650 computer. Reported here is errol' in line of posi tion data as determined by the phase of a 480-kc/s canier. The enol'S are given in meters and degrees of phase with respect to distance expressed either in meters or wavelengths. Measurements were made in a relatively obstaclefree area. A triangulation station near Randolph, Arizona was used as an obstacle-free area because the nearest mountain is 24 km and the entire area is surrounded by relatively fiat desert thought to be homogeneous.
Bremmer [1949] derived a rigorous solution suitable for numerical computation for the propagation of the low-frequency ground wave over a homogeneous spherical earth. At short ranges, the series approximations involved converge very slowly. However, use can be made of the plane earth solution due to Norton [1941] . Both solutions show the field to consist of the primary factor and the secondary factor. The primary factor, or undisturbed field , propagates with a velocity determined by the index of refraction of the atmosphere at the earth's surface. The secondary factor includes all disturbances to the field due to the presence of the earth and the antenna (near firld effect).
At the ranges used in this research, the only secondary effect is that due to retardation of the wave by the earth acting as a lossy boundary, since measurements were made at ranges large enough that the near field had no effect. Neglecting nrar field effect then, the phase correction due to ground absorption increases monotonically with distance .
Since calculation of the secondary factor is quite complicated and because the conductivity of the earth is difficult to measure, only the primary factor was taken into account in the data reduction computation.
Measurements were taken along a line extending 914 m south, 305 m east, and 305 m north of the monument. Results appear in figure 2. No significant effect of terrain clearance was noted. The mean error of 2.1 deg is less than that expected had the secondary factor been taken into account. A small cyclic variation occurred with a period of a half wavelength. This variation is thought to be caused by a mountain at 24 km. A telephone line in the immediate VlClDlty caused no noticeable effect, since the error was identical for travel parallel to and perpendicular to the line. The small cyclic error can be eliminated by integrating over several wavelengths .
.Effect of a Mountain
Of particular interest is the case of an isolated mountain in the transmission path. At high frequencies the effect of mountains obstructing the trammission path can be treated by methods of physical optics; but another approach must be used when the obstacles are no longer large compared to a wavelength. Such is the case considered by Murphy [1956 and 1958] for the effect of the amplitude and phase of a plane wave scattered by a semi-cylindrical boss. The boss of finite conductivity is placed on an infinite plane that is perfectly conducting. A source is assumed to be located many wavelengths from the boss; hence, the incident wave can be considered to be a plane wave. Attenuation of the incident wave is neglected.
On the surface of the plane the incident wave is
where Ho is the amplitude of the magnetic field and k the wave number. The scattered field due to a boss of radius l' and conductivity (J is
Hse c= -Ho L: Km(kr,(J)H!;) (kx).
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The amplitude and phase of the total field (i.e., incident field plus the scattered field) at various points around the boss, arr plotted in the report by Wait and Murphy [1958] . On the near side of the boss, the variation in the phase is essentially a damped sinusoid decreasing in a direction away from the boss. On the far side, the error decreases monotonically in an essentially exponential manner away from the boss.
Unfortunately, mountains of the type and shape of the model do not often exist in nature, especially in isolation. The mountain chosen (Walker Butte), however, did answer the required description adequately enough to enable test of the theory. This butte rises 500 ft above the relatively fiat surrounding desert and is approximately hemispherical in shape. Its relation to the transmitters is shown in figure 3 . Data was taken for a distance of 3,000 ft starting at a distance 2,665 ft from the peak. Surveying was done using accurately lmown points. Aerail readings were taken a t terrain clearan ces of 30, 150, a nd 500 ft with no significant difference in result obtained between ground and aerial readings. Figure 4 shows plots of phase error versus distance from the butte as actually measured, and for the mathematical model taken from Wait and Murphy [1958] . As the figure indicates, experimental results agree remarkably well with the theory. The calculated correlation index is 0.5.
At very great di.stances from a long ridge, the asymptotic expression for H~!(kx) can be used.
This equation would indicate that the attenuation of the scattered field at great distances is proportional to the square root of distance. At these frequencies, the cyclic error noted at Randolph , Ariz., could be attributed to the mountain 24 km away.
Effect of a Critically Placed Power Line
The perturbation of phase due to vertical parasitic reradiators has been covered theoretically and experimentally [Bateman, 1950 [Bateman, , 1951 Hufford, 1950] . A literature search failed to uncover any theoretical treatment of the effects of power lines on phase and amplitude of the low-frequ ency ground wave [Reynolds, 1953] . Considerable data was taken in the vicinity of power lines and telephone lines. In the general case the effects were local, with most telephone lines having negligible effect.
It has been suggested that power lines might b e considered a Beverage antenna. 3 The theoretical effects of the line are, to a great exten t, determined by terminations, capacity and other electrical properti es which could not be determined or controlled for a linc in service. To measure this effect, a unique transmitter lo cation was chosen. The green transmitter was deliberately positioned so that the signal would travel for 6~~ km along a 115-kv line (see fig. 5 ) . The line turns at an angle of 30°, making it possible to take measurements along the extension of the line. The common transmitter signal crosses the line at right angles. Figure 6 shows how the relative error varies with distance away from the power line. The test grid system at this lo cation was not tied into the U.S.e.G.S. survey, so that absolute errors cannot b e reported precisely. From Land Office survey data and other readings taken in the vicinity, there is reason to believe that the magnitude of the absolute error is two or three times that of the relative error. At a triangulation station, 4 }~ km along the extension, the absolute error reduced to zero when the secondary factor calculated for earth conductivity of 6 millimhos/m was taken into account. 
Conclusions
Phase perturbations of the low-frequency ground wave occur in areas where the cause is not apparent, but the mean value of the perturbations approaches zero. Measurements tend to confirm the model used for the perturbations due to an isolated mountain. Tests made n ear a power line would indicate that more investigation of the Beverage antenna as a model are in order.
